Introduction {#S0001}
============

As the most common type of gynecological malignancies, ovarian carcinoma (OC) is a major cause of cancer-related deaths and its incidence in recent years is continuously increasing.[@CIT0001] OC is responsible for more than 150,000 deaths worldwide annually and this number is getting bigger and bigger every year.[@CIT0002] OC patients are mostly diagnosed at advanced stages because of the lack of specific and effective early diagnosis methods.[@CIT0003] Chemotherapy and cytoreduction are widely used in the treatment of advanced OC patients, while treatment failure frequently occurs due to drug resistance.[@CIT0004] Moreover, more than 70% of OC patients experience relapse after treatment and most recurrent OC patients die within 1 year.[@CIT0005]

Inhibition of the accelerated cell cycle progression is a promising therapeutic approach for cancer treatment.[@CIT0006],[@CIT0007] Cell proliferation is an essential mechanism for all aspects of cancer biology, such as cancer growth, regeneration and development.[@CIT0008] Therefore, it is necessary to inhibit cell phase transitions to inhibit cancer progression.[@CIT0006]--[@CIT0008] In cell cycle progression, cyclin-dependent kinases (CDKs), such as CDK2, can bind cyclins to promote cell phase transition.[@CIT0009] Besides, CDK2 also interacts with other factors, such as the STAT signaling pathway to regulate cell division.[@CIT0010] A recent study reported that lncRNA PLAC2 can interact with the STAT signaling pathway in glioma to promote cancer progression. In addition, our preliminary RNA-seq analysis also revealed the positive correlation between the expression of PLAC2 and CDK2 mRNA (data not shown), suggesting the potential interaction between them. This study aimed to investigate the role of PLAC2 in OC and its interaction with CDK2.

Materials and Methods {#S0002}
=====================

OC Patients and the 5-Year Follow-Up {#S0002-S2001}
------------------------------------

A 5-year follow-up of 64 patients was carried out in Weihai Municipal Hospital after their admission. A total of 64 OC patients (age range of 32 to 65 years old, mean age of 48.1 ± 5.1 years old) were selected from 178 OC patients admitted by aforementioned hospital from August 2011 and January 2014. Inclusion criteria: 1) medical record showed no initiated therapies within 3 months before the date of admission; 2) new OC cases diagnosed by pathologists; 3) completed the 5-year follow-up. Exclusion criteria: 1) recurrent cases; 2) previous history of malignancies; 3) died of causes other than OC during follow-up. The 64 patients were staged according to AJCC criteria, and 12, 14, 22 and 16 cases were classified into stage I--IV, respectively. The 64 patients included 20 cases of serous subtype, 17 cases of mucinous subtype, and 27 cases of endometrioid subtype. According to patients' clinical state and health conditions, surgical resection, chemotherapy, radiotherapy or combined therapies were performed. This study was approved by Ethics Committee of Weihai Municipal Hospital. The study followed the principles of the Declaration of Helsinki. The nature and possible consequences of the study were explained to patients and all patients and controls signed the informed written consent.

OC Specimens and Cells {#S0002-S2002}
----------------------

OC tumor tissues and paired non-tumor (3 cm around tumors) tissues were collected from each patient through biopsy. All tissue specimens passed histopathological exams and all tissues were confirmed. The weight of each specimen ranged from 0.01 to 0.015 g. The human OC cell line UWB1.289 (ATCC, USA) was used in this study. UWB1.289 cells were cultivated at 37°C in the mixture of RPMI-1640 Medium (50%) and MEGM medium (50%) containing 3% FBS in a 5% CO~2~ incubator.

Transfections {#S0002-S2003}
-------------

Transient transfections were performed to alter gene expression. PLAC2 siRNA and negative control siRNA were synthesized by GenePharma (Shanghai, China). CDK2 and PLAC2 expression vectors (pcDNA3.1) were constructed by Sangon (Shanghai, China). Lipofectamine 2000 (Thermo Fisher Scientific) was used to transfect 40 nM PLAC2 siRNA, or 40 nM negative control siRNA (negative control group, NC), or 15 nM CDK2 or PLAC2 expression vector, or 15 nM empty pcDNA3.1 vector (NC) into 10^6^ cells. Cells without transfections were used as the Control (C) cells. Following experiments were performed at 24 h post-transfections.

RNA Extractions and RT-qPCR {#S0002-S2004}
---------------------------

Total RNAs were extracted from tissues (0.1g tissue ground in liquid nitrogen) and 10^5^ UWB1.289 cells with 0.4 mL RNAzol reagent (Sigma-Aldrich, USA). RNA samples were digested with DNase I at 37°C for 1 hr to remove genomic DNAs. Reverse transcriptions were performed to synthesize cDNA using AMV Reverse Transcriptase (NEB, USA). PCR mixtures were prepared using YBR^®^ Green master mix (Takara, Japan). The expression levels of CDK2 and PLAC2 were measured with GAPDH as endogenous control. All reactions were repeated 3 times and data normalizations were performed using 2^−ΔΔCT^ method.

Cell Cycle Analysis {#S0002-S2005}
-------------------

UWB1.289 cells were subjected to trypsinization. Following washing using pre-cold PBS, 10^5^ cells from each transfection group were incubated with 2 mL ethanol (75%) at 4°C for 4 h. After that, cells were washed with pre-cold PBS, followed by staining using BD Pharmingen™ PI/RNase at 22°C for 30 min. Cells at different cell phases were separated using flow cytometer, and 10^5^ events were counted.

Cell Proliferation Assay {#S0002-S2006}
------------------------

UWB1.289 cells were subjected to trypsinization, and 5×10^4^ cells were dissolved in aforementioned cell culture medium to make single-cell suspensions. Cells were seeded onto a 96-well plate (0.1 mL cell suspension per well). UWB1.289 cells were cultivated at 37°C in a 5% CO~2~ incubator, and 10 µL CCK-8 solution (Sigma,-Aldrich, USA) was added into each well at 4 h before the termination of cell culture. Following the addition of 5 µL DMSO, OD values were measured at 450 nm.

Western Blot {#S0002-S2007}
------------

UWB1.289 cells were mixed with RIPA solution (Thermo Fisher Scientific) to extract total proteins. All proteins were boiled in water for 2 h and electrophoresis (10% -PAGE gel) was carried out. Proteins were transferred to PVDF membrane, followed by incubation with 5% non-fat milk at room temperature for 2 h. Membranes were incubated with GAPDH (ab9485, 1:900, Abcam) and CDK2 (ab32147, 1:900, Abcam) rabbit polyclonal primary antibodies (4°C overnight). After that, HRP goat anti-rabbit (IgG) secondary antibody (ab6721, 1:900, Abcam) was used to further incubate with the membranes at room temperature for 2 h. Signals were developed using ECL (Sigma-Aldrich, USA). Gray values were normalized using Image J v1.46 software.

Colony Formation Assay {#S0002-S2008}
----------------------

In the colony formation assay, 400 cells were seeded into 6-well plates and cultured at 37°C for 10 d. The colonies were then fixed with methanol and stained with hematoxylin.

In vivo Experiments {#S0002-S2009}
-------------------

9 BALB/nude mice (aged 6 weeks) were purchased from Vital River (Beijing, China) and housed within a dedicated SPF facility. The nude mice were injected subcutaneously with UWB1.289 cells (5×10^6^ cells, in 100 μL of PBS) into the right flanks of mice. LncRNA PLAC2 shRNA, CDK2 and vector control were directly injected into the mice. Tumor size was measured weekly for 4 weeks according to the equation: (length × width\^2)/2. At the end of the experiments, the mice were sacrificed for the collection of tumors. Each tumor was then weighed. All procedures performed in studies involving animals were in accordance with the ethical standards of Weihai Municipal Hospital which the studies were conducted.

Statistical Analysis {#S0002-S2010}
--------------------

All data analyses in this study were performed using mean values, which were calculated using data from 3 biological replicates. Paired *t* test was used to explore differences between non-tumor and OC patients. One-way ANOVA and Tukey's test were used to explore differences among multiple cell groups. Correlations were analyzed by linear regression. The patients were divided into high (n = 31) and low (n = 33) CDK2 groups as well as high (n = 30) and low (n = 34) PLAC2 groups with the Youden's index of the ROC curve of the expression levels of CDK2 mRNA and PLAC2 in OC tissues as cutoff values, respectively. Kaplan-Meier plotter was used to draw survival curves. Long-rank test was used to compare survival curves. *P* \< 0.05 was considered as statistically significant.

Results {#S0003}
=======

PLAC2 and CDK2 Were Upregulated in OC and Positively Correlated {#S0003-S2001}
---------------------------------------------------------------

The expression levels of PLAC2 and CDK2 were measured by RT-qPCR. Expression data were compared (non-tumor vs OC) by performing ANOVA (one-way) and Tukey's test. It was observed that the expression levels of PLAC2 ([Figure 1A](#F0001){ref-type="fig"}) and CDK2 ([Figure 1B](#F0001){ref-type="fig"}) were significantly higher in OC tissues in comparison to that in non-tumor tissues (*p* \< 0.05). Correlations between PLAC2 and CDK2 were analyzed by linear regression. It was found that the expression of PLAC2 and CDK2 were positively correlated in OC tissues ([Figure 1C](#F0001){ref-type="fig"}), but not in non-tumor tissues ([Figure 1D](#F0001){ref-type="fig"}). The significant correlation between PLAC2 and CDK2 indicated the potential interaction between them.Figure 1PLAC2 and CDK2 were upregulated in OC and positively correlated. The expression levels of PLAC2 and CDK2 measured by RT-qPCR and compared (non-tumor vs OC) by ANOVA (one-way) and Tukey's test. The expression levels of PLAC2 (**A**) and CDK2 (**B**) were significantly higher in OC tissues compared to non-tumor tissues (\**p* \< 0.05). Linear regression showed that PLAC2 and CDK2 were positively correlated in OC tissues (**C**), but not in non-tumor tissues (**D**).

High Expression Levels of PLAC2 and CDK2 Predicted Poor Survival of OC Patients {#S0003-S2002}
-------------------------------------------------------------------------------

Survive curves were plotted and compared. Compared to patients in high PLAC2 (n = 30) level group, patients in low PLAC2 (n = 34) level group showed a significantly higher 5-year overall survival rate ([Figure 2A](#F0002){ref-type="fig"}). Moreover, the 5-year overall survival rate was also significantly higher in low CDK2 (n = 33) level group than that in high CDK2 (n = 31) level group ([Figure 2B](#F0002){ref-type="fig"}). These data suggested that high expression levels of PLAC2 and CDK2in OC tissues might predict the poor survival of OC patients.Figure 2High expression levels of PLAC2 and CDK2 predicted poor survival of OC patients. Survival curve comparison showed that high levels of PLAC2 (**A**) and CDK2 (**B**) were significantly correlated with low overall survival rate.

PLAC2 Positively Regulated CDK2 in OC Cells {#S0003-S2003}
-------------------------------------------

PLAC2 expression vector and PLAC2 siRNA were transfected into UWB1.289 cells. Significantly altered expression of PLAC2 was observed at 24 h post-transfection compared to C and NC groups, indicating that the transfections were successful ([Figure 3A](#F0003){ref-type="fig"}, *p* \< 0.05). Moreover, compared to the C and NC two groups, overexpression of PLAC2 resulted in significant upregulated expression of CDK2 ([Figure 3B](#F0003){ref-type="fig"}), while silencing of PLAC2 resulted in downregulated ([Figure 3C](#F0003){ref-type="fig"}) expression of CDK2 (*p* \< 0.05). Therefore, PLAC2 might function as a positive regulator of CDK2 in OC cells.Figure 3PLAC2 positively regulated CDK2 in OC cells. Significantly altered expression of PLAC2 was observed at 24 h after the transfections of PLAC2 expression vector and PLAC2 siRNA compared to C and NC groups (**A**). PLAC2 overexpression resulted in upregulated (**B**), while silencing of PLAC2 resulted in downregulated (**C**) expression of CDK2 (\**p* \< 0.05).

PLAC2 Positively Regulated OC Cell Proliferation Through Regulation of Cell Cycle Progression {#S0003-S2004}
---------------------------------------------------------------------------------------------

Compared to C and NC groups, overexpression of PLAC2 resulted in decreased percentage of OC cells at S1 phase, while silencing of PLAC2 resulted in increased percentage of OC cells at S1 phase ([Figure 4A](#F0004){ref-type="fig"}, *p* \< 0.05). In contrast, overexpression of PLAC2 resulted in increased, while silencing of PLAC2 resulted in decreased percentage of OC cells at S2 phase. Consistently, CCK-8 and colony formation analysis indicated that overexpression of PLAC2 resulted in increased proliferation rate of OC cells, while silencing of PLAC2 resulted in decreased proliferation rate of OC cells ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}, *p* \< 0.05). In addition, co-transfection experiments showed that overexpression of CDK2 attenuated the effects of silencing of PLAC2 on cell cycle progression and proliferation. Therefore, PLAC2 may promote OC cell cycle progression by positively regulating the expression of CDK2, thereby promoting cell proliferation.Figure 4PLAC2 positively regulated OC cell proliferation through cell cycle progression regulation. The effects of overexpression of PLAC2 and CDK2 as well as silencing of PLAC2 on cell cycle progression was analyzed by cell cycle (**A**). The CCK-8 assay to determine cell viabilities (**B**). The colony formation was used to determine cell proliferation (**C**). Data were compared by performing ANOVA (one-way) and Tukey's test (\**p* \< 0.05).

Silencing of CDK2 Ameliorated the Severity of Ovarian Cancer and PLAC2 Promoted Tumorigenesis in vivo {#S0003-S2005}
-----------------------------------------------------------------------------------------------------

Whether PLAC2 had the tumor-forming ability was then evaluated in vivo. Xenograft tumor model showed that overexpression of PLAC2 promoted the subcutaneous tumor growth of OC cells, but knockdown of CDK2 significantly reduced the effects ([Figure 5A](#F0005){ref-type="fig"}--[C](#F0005){ref-type="fig"}). We further found that restoration of PLAC2 expression partially rescued the inhibition of tumor growth by silencing of CDK2.Figure 5Silencing of CDK2 ameliorated the severity of ovarian cancer and PLAC2 promoted tumorigenesis in vivo. (**A**) Measurements of tumor volumes every 1 week for 4 weeks. (**B**) Representative images of neoplasms from each group of nude mice. (**C**) Determination of tumor weights. Data are denoted by means ± standard deviation (SD) (\**p* \< 0.05).

Discussion {#S0004}
==========

This study mainly investigated the functionality of PLAC2 in OC. We found that PLAC2 not only promotes cancer cell progression but also had prognostic values for OC. The actions of PLAC2 in OC are likely mediated by the interactions with CDK2.

It is worth noting that our study observed opposite functions of PLAC2 in OC compared to its functionality in glioma.[@CIT0011] In glioma, PLAC2 blocks cell cycle progression and inhibits cancer cell proliferation.[@CIT0011] In contrast, our study showed that PLAC2 was upregulated in OC and promoted cell cycle progression and cell proliferation of OC cells. It is known that different types of cancer may have different pathogenesis that involves different signaling pathways.[@CIT0012] In addition, the same gene or lncRNA may have opposite expression patterns and functions in different types of cancer. For example, TUG1 was upregulated in colon cancer and regulate cancer cell behaviors to promote colon cancer progression.[@CIT0013] In contrast, in glioma, TUG1 is downregulated and plays a tumor-suppressive role.[@CIT0014]

In this study, we found that PLAC2 can positively regulate the expression of CDK2. The interactions between CDK2 and lncRNAs have been widely reported in previous studies. LncRNA UCA1 regulates the CDK2 signaling to participate in the cell growth and the development of tumorigenesis.[@CIT0015] LINC00958 promotes gliomagenesis by indirectly regulating CDK2 through miR-203.[@CIT0016] We did not characterize the mechanism mediates the interaction between PLAC2 and CDK2. It is known that PLAC2 has interactions with the STAT1 signaling and CDKs can respond to the activation of STATs.[@CIT0010] Therefore, STAT1, or other STATs may mediate the interactions between PLAC2 and CDK2. Our future studies will investigate this possibility in OC. Our study is limited by the lack of animal model experiments. Our future studies will try to include in vivo animal experiments to further confirm our conclusions.

Conclusions {#S0005}
===========

In conclusion, PLAC2 was upregulated in OC and promoted cancer cell proliferation by inducing cell cycle progression through the positive regulation of CDK2.
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